Abstract-An approach is outlined for the evaluation of the efficiency of whole body counters using experimental data for a point source and Monte Carlo simulation of the efficiency of photon arrival at a large volume NaI(Tl) detector. The approach was applied to the measurement of an experimental whole body phantom. The experimental and the predicted efficiencies were found to differ from ؊2.5% to 8.4%. An investigation of the geometry dependence of the counting efficiency was made using theoretical dimensions of phantoms of different sizes. The relative geometry dependence was found to be less than 9% for the "Reference Man" and "Reference 10-y-old Child" phantoms. Health Phys. 81(5):580 -584; 2001
INTRODUCTION
THE IN vivo monitoring of radionuclides internally deposited in the human body present various sources of systematic errors, among these the non-uniform distribution of the radionuclides in organs and tissues. This kind of error can be addressed using phantoms designed for the efficiency calibration applied to the measurement of the "reference subjects" (ICRP 1975) . The measurements can be improved using information on size and form of organs as a function of age and sex, and they can be made specific for a certain population (Tanaka 1992) . In occupational monitoring, reliable measurements can be achieved if the counters are calibrated using differentsized phantoms. The fabrication of different-sized phantoms is difficult because of the large variety of form and size of the human body and because of the properties of the available materials that can be used as tissue substitutes. One solution is to calculate the efficiency curve for a commercially available phantom and to apply geometric corrections for other desired counting geometries. The efficiency curve can also be calculated using Monte Carlo methods to simulate photon histories from emission to total absorption or escape from the detector.
The ratio of the number of photons emitted in the detector direction to the total number of photons absorbed is the geometrical efficiency. The ratio of the number of photons that reach the detector, with no loss of energy, to the total number of photons emitted is the arrival efficiency. The photopeak efficiency is given by the arrival efficiency, c , times the fraction, f, of these photons that lose all their initial energy inside the crystal (and thus contribute to the photopeak in the gamma-ray spectrum). This fraction depends on the measurement geometry and on the detector dimensions and properties. It is equal to the intrinsic efficiency times the peak-tototal count ratio, therefore f is the peak-to-arrival ratio. The factor f can be obtained from the experimental photopeak efficiency ( exp ) and from the calculated arrival efficiency: f ϭ exp / c . The arrival efficiency depends on the dimensions and properties of the source, on the properties of the medium between the source and the detector, and on the detector dimensions. If the detector is large (height and diameter greater than the mean free path of the gamma rays), it is possible to determine f through measurements using a point source and prediction of the measurement efficiency for other geometries, even if some characteristics of the detector are unknown. It is simply necessary to determine the arrival efficiency for the other geometry.
In this manuscript, experimental data for a point source and Monte Carlo simulation of arrival efficiency are used to predict the efficiency for the measurement of an experimental whole body phantom. Geometry dependence of the counting efficiency is investigated by applying the approach to theoretical phantoms of different sizes.
MATERIALS AND METHODS
For this experiment a NaI (Tl) detector of diameter 203.2 mm and length 106.6 mm in a 0.81-mmthick aluminum jacket was used. The resolution of the detector at 661 keV is 10%. For the point source measurements a 152 Eu source with an activity of 5.84 Ϯ 3% kBq was used. The experimental phantom is made of cylindrical pieces of PVC that represent the head, neck, arms, hips, thighs, and calves. A polyethylene container represents the chest and abdomen. The hips are included in the pieces that represent the (Fig. 1) .
PHOTON ARRIVAL
For the point source, the medium between the source and the detector is assumed to consist of three homogeneous zones: the air between the source and the aluminum housing, the aluminum housing, and the air between the aluminum and the crystal. For the phantom, there are two additional zones: the water and the wall of the container. Because of the design of the phantom, some photons emitted from the hips will also travel through the abdomen in the experimental geometry used in this experiment.
The distance traveled in each medium depends on the direction of the photon. If a photon travels a distance L from a point P (x, y, z) to a point P s (x s , y s , z s ), its new coordinates are given by
where ␣, ␤, and ␥ are the angles between the photon direction and the x-, y-, and z-axes, respectively. The detector is positioned symmetrically in relation to the x-and y-axes and its plane surface is parallel to the xy plane. The point P s belongs to the plane surface of the detector if
where r d is the radius of the detector and d is the distance from the plane surface of the crystal to the origin of the coordinates system. The distance L, traveled from P to P s , at the plane surface of the detector, is given by
For a photon emitted in the direction of the curved surface of the detector, L is the smallest root of the equation:
where
PHOTON EMISSION FROM THE PHANTOM
For the point source, the photons always leave from the same point. The coordinates of a point P (x, y, z) inside the phantom, are given by:
x 1 2 ϩ q 2 Յ r i 2 , for the cylindrical pieces q Յ r i , for the chest where x 1 ϭ distance from P to the center of the container, measured along the x-axis; x 0 ϭ distance from the center of the container to the origin of the coordinate system, measured along the x-axis; g ϭ height of P, measured along the tilted plane; A ϭ angle that the container forms with the horizontal plane; {s 1 , s 2 } ϭ constants ϭ {1.0, Ϫ1.0} for the containers that represent the hips and thighs; {Ϫ1.0, 1.0} for the other containers; y 0 , z 0 ϭ displacements of the containers that represent the calves. They are zero for the other containers and were included, together s 1 and s 2 , to keep a general formula for all the containers; and r i , r p ϭ inner and outer radius for the cylindrical containers, respectively; inner and outer half width, (x-axis) for the chest, respectively.
The distance from a point P, inside a cylindrical container, to a point P s at its curved surface, is given by the positive root of eqn (4) for which
where r 0 ϭ r i (inner surface) and r p (outer surface).
SIMULATION
The random mean free path, L r , of a photon in a homogeneous medium is given by (Shreider 1964) :
where ϭ linear attenuation coefficient (cm
Ϫ1
) and r ϭ random number uniformly distributed between zero and one.
For a non-uniform medium regarded as consisting of n homogeneous zones with linear attenuation coefficients n , we have (Shreider 1964) :
where L k is the distance traveled in the kth-zone. If the photon is not allowed to interact before reaching the nth-zone (the detector) then
For the point source, the photons are always emitted from the same point in a random direction (␣, ␤, ␥) given by (Shreider 1964 where r 1 and r 2 are random numbers between zero and one.
In the case of the phantom, the container from which the photon will be emitted is selected according to its contribution to the total volume. For a point P (x, y, z) inside a cylindrical piece, the set of parameters to be used in eqn (6) is selected according to r a ϭ r i ͱr 1 ϭ ͑2.0 r 2 Ϫ 1.0͒
where r i is the inner radius of the piece; r 1 , r 2 , and r 3 are random numbers; g 0 is the distance to the inner surface of the piece, measured along the tilted plane, and dg is the inner height of the piece. The parameters r a and are random radius and random angle that define random coordinates (x, q) at the surface of a plane disk, of radius r i , placed at the origin of a coordinate system 3 x, 3 xs. For the simulation of the arrival efficiency, a computer program was written in Pascal. The history of a photon begins in the source, with a set of coordinates x, y, and z being selected. For the phantom, the selection is done as described above. For the point source x ϭ y ϭ z ϭ 0. The history of the photon is terminated if the photon is not emitted in the detector direction or if the photon interacts before reaching the detector; otherwise the history is a "success." The arrival efficiency is the ratio of the number of success to the total number of histories. The probability and the point of interaction depend on the cross section of the medium interposed between the point from which the photon is emitted and the detector. The cross sections for air, aluminum, and water are taken from Berger et al. (1999) . Table 2 shows the simulated arrival efficiency, c , and the peak-to-arrival ratio, f, obtained for the 152 Eu point source. The measurements were done for (1) a source placed at the origin of the coordinate system, 27.7 cm from the detector, facing its plane surface; and (2) a source placed 26.5 cm from the detector and at its half height, facing its curve surface (x ϭ 0; y ϭ 37.2, and z ϭ 5.3). For the point source, the arrival efficiencies approach the simulated geometrical efficiencies, which are 3.0 ϫ 10 Ϫ2 and 1.4 ϫ 10 Ϫ2 , respectively. The simulation was done using a sufficient number of histories to achieve uncertainties of 1% for the arrival efficiencies. Energies and gamma ray intensities were taken from an IAEA technical document (IAEA 1991) . Table 3 shows the results for the phantom. In this table, f pr is the predicted peak-to-arrival ratio and pr is the predicted photopeak efficiency. The factor f pr is the mean of the peak-to-arrival ratios (from Table 2 ) weighted by the number of photons, emitted from the phantom, that arrive at the detector through its plane and curved surfaces. In these calculations it was assumed that (1) 1 cm of the height of the crystal is shielded by the support of the detector; (2) the chest was 1 cm above the thighs and hips; and (3) the neck was 2 cm above the chest. These displacements were necessary to safely fix the containers in place and are measured along the tilted plane. The simulated geometrical efficiency is 6.1 ϫ 10 Ϫ3 . The experimental and predicted efficiencies for the whole body phantom were found to differ from Ϫ2.5% to 8.4%. The main sources of errors are (1) non-uniform distribution of the radionuclides in the large pieces of the phantom; (2) the containers cannot be totally filled to avoid leakage, and (3) the coincidence summing effect was not taken into account for 152 Eu. To investigate geometry dependence, the approach was applied to evaluate the photopeak efficiency for the measurement of the "Reference Man" and "10-y-old Child" phantoms, using the theoretical dimensions of the BOMAB family of phantoms (Kramer et al. 1991) . The dimensions of the ellipsoidal cylinders that comprise these phantoms were formulated using the values of weight, height, and surface area from ICRP 23 (ICRP 1975) . The wall thickness of the containers was not known and was assumed to be 3.4 mm. The density of the high-density polyethylene was assumed to be 0.95 g cm
RESULTS AND DISCUSSION

Ϫ3
. The simulated geometric efficiencies are 5.7 ϫ 10 Ϫ3 for the "man" and 5.5 ϫ 10 Ϫ3 for the "child," and the results are shown in Table 4 . The greatest differences (about 9%) between the efficiencies occur at the lowest energies, and the geometry dependence decreases as energy increases. This is mainly due to the thickness of the containers and to the detector size. The efficiency is mainly determined by the photons that arrive to the detector through its plane surface. Most of the photons that arrive through the curved surface are emitted in the head, neck, and calves. Table 5 shows the partial volumes, V, the partial photopeak efficiencies, , and the percentage, n c , of photons that arrive at the detector through its curved surface, for each part of these phantoms. The efficiency is given by c (simulated) times f (from Table 2 ). The efficiency and the fraction n c are energy dependent; values are given in the table for 661.6 keV. The fraction n c is expected to increase as the detector size decreases.
The deviation of the predicted efficiencies from the experimental values can be used to compare this approach to previous work. Andrási and Kötél (Andrási and Kötél 1975) described an approach that uses the calculation of the total efficiency, by fivefold integration, and the experimental peak-to-total ratio, from point source measurements, to determine the photopeak efficiency of a counting system for whole body measurements. They found that the relative difference between the calculated and experimental full energy peak efficiencies for a BOMAB phantom measurement was less than 10% at 662 keV and 1461 keV. Mallett et al. (1995) described a method that uses magnetic resonance imaging and Monte Carlo simulation to calibrate a phoswich detector for low energy measurements. In this method, the intrinsic efficiency was assumed to be 100%, and the correction for the real intrinsic efficiency of the phoswich detector was estimated using simulated and experimental efficiencies from a point source. Predicted and experimental efficiencies were found to agree within 7% at 63 keV and within 13% at 93 keV.
CONCLUSION
The predicted and the experimental data were found to be in good agreement, showing that the use of Monte Carlo methods can be a very useful tool. The results agree with previous studies that used experimental and calculated data for a point source to develop calibration methods for in-vivo counting systems. Its main advantage is that estimates for the efficiency behavior within a large range of body sizes may be obtained quickly. It can also be used to estimate other sources of systematic errors, such as the non-uniform distribution of muscle in the body (ICRP 1975) . Mathematical models for organs can be used to evaluate the variation of the efficiency as a function of the time after intake of the radionuclide, which had already been observed (Lessard et al. 1986 ).
For daily occupational monitoring, the body dimensions of a person (or groups of persons) could replace the dimensions of the phantom to evaluate the corresponding measurement efficiency; however, the density dependence may be important for photon energies below 300 keV. For example, if 99 Mo is to be measured through the 140 keV gamma transition from 99m Tc, the cross sections for a proper tissue substitute should replace the values for water. Table 5 . Percent volume, predicted efficiency, and percentage of photons that reach the detector through its curved surface, at 661.6 keV, for each section of the BOMAB phantoms. 
